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ABSTRACT

This thesis is intended to describe the theoretical solution to our final year project, Design
and Analysis of a Horizontal Hybrid Turbine. The project was aimed at giving the proof
of concept for a hybrid turbine, i.e., a turbine that is capable of operating in both air and
water, so that it can be used to harness power from both media (air and water) throughout
the year without any interruption. The power goal was set to 500-1000 watt, enough to
power a typical household.

The main issue we faced during our project was the lack of availability of previously
existing literature and design content. We had to combine calculations and design
concepts of air and water turbine to get the required variables.

Our main concern was the blade design. Turbine model is created using SolidWorks.
Turbine blade parameters calculations are performed using MATLAB and QBlade. For
analysis of structural integrity and power production capacity, ANSYS was used. During
the design phase, the portability of the turbine was kept in mind.

However, the generator selection, transmission system design and reconfiguration
mechanism were also a part of our project. Some work was done on the hydrokinetic
turbine by a group last year which was capable of producing 80-90 watts. Our goal was
not only to scale up the power capacity of the turbine but also to make it work in air as
well.

Our target was to design and optimize the turbine for the northern areas of the Pakistan
where there are lots of rivers and streams which could be utilized to produce power. Also,
to ensure the uninterrupted power supply in winters when water if usually frozen or
limited, we had to make the turbine operable in air as well.

We had to ensure significant power generation for both air and water, while keeping the
blade length minimum to ensure portability. We achieved quite reasonable results: two-
fold of targeted power production in case of water and around 90% of the targeted power
production in case of air medium, while keeping size and strength constraints in check.

3|Page



ACKNOWLEDGEMENTS

First and foremost, we thank ALLAH Almighty for HIS blessings which allowed us to
complete the project efficiently and effectively.

Then we would like to extend our gratitude to our supervisor Dr. Emad-ud-Din and co-
supervisor Dr. Aamir Mubashir for helping us in every phase of the project. We would
also like to thank our colleague Wasif Rehman for specifically helping us with the
calculation part of the project on MATLAB. Furthermore, we thank Sir Asfandyar for
helping and guiding us throughout the project. The techniques and knowledge he
imparted to us regarding the analysis of the project on ANSYS was very valuable. The
analysis part of the project would not have been possible without his assistance and
guidance.

Finally, we thank our parents for continuous prayers and moral support. What we
achieved was only possible because of them.

4|Page



ORIGINALITY REPORT

plagcheck

ORIGIMNALITY REFORT

7 Sog 24 Aoy

SIMILARITY INDEX INTERMET SOURCES PUBLICATIONS STUDEMT PAPERS

PRIMARY SOURCES

www.gracedesideriorealtor.com 1
Internet Source %
m www.intechopen.com
Internet Source p 1 %
: docplayer.net
I'1‘.|3ranSuz:e {1 %
A Submitted to Frederick Universit
Student Paper y {1 %
Submitted to University of Portsmouth {:1
i Student Paper %
Submitted to University of Hull
Student Paper y {1 %
BN ich.unesco.or,
Internet Source g {1 %
M Wwww.scielo.org.mx
=l Internet Source g {1 %
Submitted to University of Nottingham {1 %
Student Paper

5|Page



Table of Contents

AB ST RACT ettt e ettt ane e re e nnes 3
ACKNOWLEDGEMENTS ... .ottt s 4
ORIGINALITY REPORT ..ottt 5
LIST OF TADIES.....eecece e 10
LEST OF FIQUIES ...ttt 11
ABBREVIATIONS ..ot 13
NOMENCLATURE ..ottt 14
1 INTRODUCTION. ...ttt et 16
1.1 MOtivation OFf WOTK .........cooiiiiiniicccce et 16
111 Detrimental Impact of Unclean ENergy......cccccceveeceieeecceseecece e, 16
1.1.2 High Demand for Cheaper ENErgy .......ccceeeeeeveieecieseeeeieseeeece e 16
1.13 Energy Access fOor REMOLE AT€aS .......ccovuevieieieiniereriesiereeieee e 17
1.14 Sustainable Development GOals ..........ccceveverieieininenereeeeeeee e 17

1.2 Problem STatemMENt ..........cooveiiiiniccce e 18
1.3 ODBJECLIVES ..ottt ettt st st e aa et e s aa e e e s beenaesreesaenbeeaeenes 18

2  LITERATURE REVIEW ..ottt 20
2.1 TUIDINE ottt 20
211 WOTKING PIINCIPIE ..o 20

2.2 TUIDING TYPES ..utiieieieeieeeeste et eteste et et e st et este e e bestesseetesseessesseessessesseensessesseensenseenes 20
221 On the Basis of OFientation ...........coccveireinenincnneeeeeseesee e 20
2.2.1.1  Horizontal AXiS TUIDINE: ....c.oouiiiiirieirieeeeee e 20
2.2.1.2  Vertical AXIS TUIDINE:......occiiiirieiriecee e 21

2.2.2 Main Differences between Horizontal & Vertical Axis Turbines ................ 21
2.2.3 On the Basis of Working FIUIAS .........ccovvveviiieieeceeececeee e 21
2.2.3. 1 WINA TUIDINES ..ottt 21
2.2.3.1.1 Horizontal Axis Wind Turbine: ..o 22

2.2.3.1.2 Vertical AXis Wind TUrbine: ........cccooeiiiiniineecceeeee 22

2.2.3.2  WaALEr TUIDINES.....c.oiiiiiiiiicictce e 22
2.2.3.2.1 Hydrostatic TUIDINES: ......ccceveeieieeeeceeeeeee et 22

2.2.3.2.2 HydroKinetiC TUIDINES: .....cccvviieeeeeeceeeece e 23

224 Main Differences between Wind & Water Turbines...........cccccceceeverenenenene 23

2.3 DESION PAFamMELErS....ccue ettt st sttt e s reeae s reesaenaesneenes 23
2.3.1 POWEr COBTFICIENT........c.iviiiiciecieee e 23
2.3.2 Tip SPEEA RALIO.....ccveciieieiieteeeee ettt sresaeens 24
2.3.3 SWEPE AT ..ttt ettt b e she e st st et sbe e s 24



2.3.4 ANGIE OF ALEACK ... 25

2.35 ANGIE OF TWIST .ttt reens 25
2.4 HYDEIA TUFDINES ..ottt e 26
METHODOLOGY ...ttt ettt ne e e 27
3.1 INITIAL DALA ...ttt 27
3.2 ROTOE DESIGN...cuiiiiitiitirtistertetete ettt sttt es e be e nes 27
3.2.1 Pre-Design Calculations...........ccooveieiiiiecieseceeceeeree e 27
3.2.1.1 Blade Length CalCulations..........c.ccoeeieeeiiseerieieeiese e 27
3.2.1.2 Chord Lengths at Sections Calculations.............ccceverererienienieinenenereeen 28
3.2.1.2. 1 StEPS INVOIVED ....eiiieeeeeteeeee e 28

3.22 ATTTOI SEIECTION. ...ttt 29
3.2.2.1  SEries SEIECHION......ccucuirieiietcirieee ettt 29
3.2.2.2  Selected AITTOI......co.ciiiiieie s 30
3.2.3 Initial Parametric RESUITS .........cccoveiriiinieee s 30
3.24 Combined Configuration Parameters..........c.ccoueoeeererereneneneieeeesese e 31
3.25 Blade Twist Optimization ..........cccoeeeiiiiieiiiieeese e 31
3.2.6 Final Blade Modelling and Rotor Assembly ..........cccooievevineececieeececeen, 32
3.2.7 Numerical ANAlYSIS - CFD .......ccoiiiiiriieieieeeeeesese et 33
3.2.7.1  DOmain SPeCITICALIONS .....c.cceeireiriirrerieieieieieee ettt 33
3.2.7.1.1  INNer FiNe DOMAIN......ccoeiriiiririerieieieteeeieee ettt 33
3.2.7.1.2  Outer Coarse DOMAIN ........ccoeireirieinieinieineeeieeeeese et 33
3.2.7.2  MESN PrOPEITIES ....eiuvieteeiecteeeete ettt ettt ettt ettt s te et e s aneaesbeeanas 34
3.2.7.3  Time Step CalCUlations .......cccoovveeriirieierieeere et 34
3.27.4  ANSYS FLUENT SEHUP ..cveiieieiteeieseeteeneete sttt 34
3.2.8 Numerical Analysis — Structural ...........ccocevveceeviieeceeeee e 36
3.2.8. 1 ANAIYSIS SEBLUP .c.veeeetieteeecteeecte ettt ettt et st eaa et e b e b anan 36
3.2.8.2  Material USEd........cceiriiiriiiieieieieeeeee ettt 36

3.3 Selection of the Electrical COMPONENTS .......ccceevviverierieieereeee et 36
331 YaW CONTIOL ..ottt 36
3.3.1.1  ACLIVE YaW CONTIOL ... 36
3.3.1.2  PasSiVe YaW CONTIOl........ccoociiiriiinieccieeeeneeeseeeee s 37
3.3.1.3  Yaw Control in Hybrid Turbing ........cccooieeiiiieeeeeeeee e 37
3.3.2 Current and VOItage SENSOKS.......cciveeecereeiesieeerieseete s e eaesteeeesesressesreeseens 37
3.33 PItCh CONTIOL ..ot 37
3.34 Generator SPeCITICAtIONS........c.ee e 37
3.3.4. 1 SeleCtioN CrItEIIA . ...cveueeuieiieieeiesterteeeee ettt 37



3.3.4.2  Selected GENEIALON .......cccoiiriiieieieieeee ettt 37

3.4 TransmMiSSION SYSTEMS .....cciiieiieriieietesteeee ettt e et s reea e reesaesresreesesreesaensesneenes 40
34.1 Gear Transmission System in Hybrid Turbine............cocoooeveviiinnnencnee. 40
3.4.2 Steps in Designing Gear Transmission SYStemM .........ccccoevevevereenenenenienes 40
3.4.3 CAD Model for Transmission AssembBly .........cccocovvveeivieceiieeeceee e, 41

4  RESULTS & DISCUSSIONS ..ottt 43
4.1  Computational FIUuid DYNAMICS .......cccccceeeiriieieiiseeeceseee sttt sreeenens 43
411 Wind SIimulation RESUITS..........coeiriirieinciienceeeeee e 43
4111 VEIOCITY VECIOIS ...ttt ettt 43
4.1.1.2  VelOCItY CONTOULS ...oueiviieieiciieieeieeteees ettt 44
4.1.1.3  Fluid StreamlingS........ccccoeveiriinieinieirieerene ettt 45
4.1.1.4  Tip AVErage VEIOCILY .....ccocicieiieieiesteeece ettt s 46
4.1.1.5 Torgue and Power Calculations............cccveeevinicicieceec e 46
412 Water Simulation RESUILS .......c.ooeriririreieeeeeeeeeeeeee e 48
4.1.2.1  VEIOCITY VECIOIS ...ttt 48
4.1.2.2  VElOCILY CONTOUIS ...c.viiteeeieciicteeteeteete sttt ettt te ettt e e aaebesaeenes 48
4.1.2.3  Fluid StreamlingS........ccccoeveirieinieinieinieesce et 50
4124  Tip AVErage VEIOCITY .....c.coeoieieieiriirienesieeeeee ettt 50
4125 Torque and Power Calculations............cccovevieireeininenenieieieeeeeese e 51

4.2 STrUCLUFAl ANAIYSIS....ciicieiicieiee ettt e sre e sesreeneens 52
4.2.1 Rotor Structural Analysis — WiNd...........cccooieieiiiiecececeeeceeece e, 52
4.2.1.1 Imported Pressure ProfileS..........cccoeiieeiieecceceeeceeeeeseee e 52
4.2.1.2 Equivalent AIternating Stress........cocvivecerereeseeeeieseeeerieseeee e eeesseseeenes 53
4.2.1.3 Equivalent EIaStiC STFrain ........cccveeeevieiiecereseeseseeeese e s 53
4.2.1.4 Total DefOrmation .........ccoccveineiinieineincieeee e 54
4.2.1.5  Factor Of SAfely ......coiiieiiceeeeeeeee e e 54
4.2.2 Rotor Structural Analysis — Water ..........ccccveeeieiieciececeee e 55
4.2.2.1 Imported Pressure ProfileS........cccocvveeoenirieciceeeseeeee e 55
4.2.2.2 Equivalent AIternating StresS........covieeceveeeereseeieseeeeseeseeee e sse e 55
4.2.2.3 Equivalent EIaStiC STrain .......ccccoeieieiieiereeceeeeee e 56
4.2.2.4 Total DEfOrmMation ........cccoeoieiieiiinireseseeeeeee e 56
4.2.25  FaCtOr OF SAfEY ......cooiiieeeeee e 57
423 Gear Train Analysis — WINd.........cccceeviiieiinieiereceee et 57
4231 First Stage — WIN ......cooieieeeieeeeseeer ettt 57
4.2.3.2  Second Stage — WINd .......cooouveiieiieceeceec et te e st 58
4.2.4 Gear Train ANalysisS — WALET ........c.ccccvevieeiieceece et 58



4241  First Stage — WAALEK .......cccveiiieeeeiiceeeese ettt 58

4.2.4.2  SeCONd StAQE — WALEK .......ocvieeeeiiceeee ettt 59
5 CONCLUSIONS & RECOMMENDATIONS ..o 60
5.1 CONCIUSIONS ...ttt sttt be e nes 60
52 RECOMMENUELIONS. .....cotiriiiiieieiieiieteeteet sttt neenes 60
MESN REFINEMENT: ...ttt sttt be e 60
Yt INCIUSTON: (.t 61
6DOF with Moment of Inertia ANalySiS: ......ccccvevieeeiiiieese e 61
DOMAIN SIZING: ottt sttt b e e b et ese b e nes 61
Enhanced Wall Treatment: ..........coooeieiiirineereeeeeeee e 61
TWOo-Way SYStem COUPIING: ..veeieeceeeceeesteee ettt s eae s anas 61
REFERENGCES : ... .ottt 62
APPENDIX A: MATLAB Code for NACA Airfoil Generation & Pre-Design
CalCUIALIONS: ...ttt 64

9|Page



List of Tables

Table 01:
Table 02:
Table 03:
Table 04:
Table 05:
Table 06:
Table 07:
Table 08:
Table 09:
Table 10:
Table 11:
Table 12:
Table 13:
Table 14:
Table 15:

INItIA] PAramMELEIS .....oivie e et 27
Properties of Selected NACA 24012 Airfoil ........cccoovevviiiiiciceeieceeenn 30
Initial Parametric RESUILS .........coviiiiiiee e 30
Combined Configuration Parameters...........ccccevveveiieeiesie e 31
Blade Section Parameters..........ccoouviiiiieeiene e 32
Blade Parameters from QBIlade.........c..ccccevveiiiiiiic i 32
Computational Domain Properties for CFD ........ccccccevviieiiieviecic e 33
Mesh Sizing FOr CFD ......oooiiiiie et 34
Time Step Calculations for CFD.........cccooiviiiiiecece e 34
ANSY'S FLUENT SEEUP w.eviitiiiiitieiieieie et 35
Rotor Structural Analysis - ANSYS SetUp ......ccceevveieeie i 36
Aluminum 2018 T61 Aoy Properties........cccveveeveieeiiene e 36
145STK-2M Characteristics at 1000W OULPUL..........ccererirerininisieieiees 40
Rotor and Generator RPIM ..........c.ooieiiiieiieie e 40
Transmission System SPecCifiCatioNS..........ccoovriririiinieice e, 41

10| Page



List of Figures

Figure 01:
Figure 02:
Figure 03:
Figure 04:
Figure 05:
Figure 06:
Figure 07:
Figure 08:
Figure 09:
Figure 10:
Figure 11:
Figure 12:
Figure 13:
Figure 14:
Figure 15:
Figure 16:
Figure 17:
Figure 18:
Figure 19:
Figure 20:
Figure 21:
Figure 22:
Figure 23:
Figure 24:
Figure 25:
Figure 26:
Figure 27:
Figure 28:
Figure 29:
Figure 30:
Figure 31:
Figure 32:
Figure 33:
Figure 34:
Figure 35:
Figure 36:
Figure 37:
Figure 38:
Figure 39:
Figure 40:
Figure 41:
Figure 42:
Figure 43:
Figure 44:
Figure 45:
Figure 46:

Growing Demand for Cheaper Renewable Energy ..........ccccooviiiniininnenn, 17
SDGs covered by Horizontal Hybrid Turbine Project..........cccocevvecieieennenn, 18
Turbine Working PrinCIple ........c.oovei i 20
Horizontal Axis versus Vertical AXiS TUIDINES........ccccoveviieniiiiniiiee 21
WING TUFDINES ... 22
Hydrostatic TUIDINES ......c.oiieiiee e e 22
HydroKinetic TUIDINES ........cveiieece e 23
Swept Area for Horizontal AXis TUrbDINE.........ccovveve i, 24
Swept Area for Vertical AXIS TUIDINE.......cccovveiieii e 25
ANGIE OF ALTACK. ... .ecieieieie e 25
Angle of Twist or PitCh ANgIe.........ccoveii i 25
NACA FIVE-DIgIt SEIES......eeieiiiiieiieie et 29
NACA - 24012 Airfoil GEOMELIY .....cc.oiviiiriiiiieeee s 30

Pressure Distribution over NACA 24012 Airfoil - QBlade Results............. 31
Designed Blade CroSS SECHIONS ........cceieririirinieieieie e 32
Designed ROtOr ASSEMDBIY .......cooiiiiiiii s 33
145 STK Alternators - SPecifications...........ccocvveerieieneiene e, 38
145STK-2M Alternator - POWer VS RPM ........ccccooiiiiiiiiiiin e, 38

145STK-2M Alternator - Torque VS RPM........ccooviiiiiiiiinc e, 39
145STK-2M Alternator - Efficiency VS RPM ..., 39
CAD Model for Transmission ASSEMBIY .........ccccviiieieiineieseeseseeen 41
Transmission System — Wind Configuration............cccccceveriienennniinieiienn, 42
Transmission System — Water Configuration.............cccocevveveiieieccnciennnn, 42
CFD WinNd - VEIOCItY VECIOIS .......eeveciiicieeie e 43
CFD Wind - Velocity Contours OL........cccccvvevieiieiieieieese e 44
CFD Wind - Velocity Contours 02..........ccccvveieiieieeiieieesie e 44
CFD Wind - Velocity Contours 03...........cccceeveeiieieeiieieese e 45
CFD Wind - FIUid StreamlineS.........ccooerereieieiesieieieese e 45
CFD Wind - TSR VerifiCatioNn.........cceoeviriiiiesesieeeee e 46
CFD Wind — Torque and Power Calculations..............cccccecvevieiieirccicseeneen, 47
CFD Water - VeloCity VECIOIS .......cceeviiiieieic e 48
CFD Water - Velocity Contours 0L ........cccccvevieiieiieieseese e 48
CFD Water - Velocity Contours 02..........cccveveeieeieeiieieesie e 49
CFD Water - Velocity Contours 03..........cccooiiirininiiieienie e 49
CFD Water - Fluid Streamlings .........ccccovveieeieiieie e 50
CFD Water - TSR VerifiCatioN .........cccccvvveiiiieiieie e 50
CFD Water - Torque and Power Calculations...........ccccccevveverveneerieseennan, 51
Rotor Structural Analysis (Wind) - Imported Pressure Distributions .......... 52
Rotor Structural Analysis (Wind) - Equivalent Alternating Stress .............. 53
Rotor Structural Analysis (Wind) - Equivalent Elastic Strain...................... 53
Rotor Structural Analysis (Wind) - Total Deformation...........cc.cccoeevvennne. 54
Rotor Structural Analysis (Wind) - Factor of Safety............ccccoviiiiiinnn 54
Rotor Structural Analysis (Water) - Imported Pressure Distributions.......... 55
Rotor Structural Analysis (Water) - Equivalent Alternating Stress.............. 55
Rotor Structural Analysis (Water) - Equivalent Elastic Strain..................... 56
Rotor Structural Analysis (Water) - Total Deformation............c.cccceevevnenee. 56


https://d.docs.live.net/0f3c4969bcb54fbe/HYBRID%20HORIZONTAL%20TURBINE%20-%20FYP%20REPORT.docx#_Toc75081607

Figure 47: Rotor Structural Analysis (Water) - Factor of Safety............ccccvvvevviinnnn. 57

Figure 48: Gear Train Structural Analysis - Wind - Stage 01..........ccccccevvvveiieeneciiennen, 57
Figure 49: Gear Train Structural Analysis - Wind - Stage 02..........ccccccoevvvvieeiecinennnn, 58
Figure 50: Gear Train Structural Analysis - Water - Stage 01.........ccccccevvvvveiieeneciennen. 58
Figure 51: Gear Train Structural Analysis - Water - Stage 02.........c..cccooevevvevvereciennnn, 59

12| Page



ABBREVIATIONS

TSR
AOA
HAWT
VAWT
CFD
SDGs

Tip Speed Ratio

Angle of Attack

Horizontal Axis Wind Turbine
Vertical Axis Wind Turbine
Computational Fluid Dynamics

Sustainable Development Goals

13| Page



NOMENCLATURE

Py
Py
Pw
Pa
Hw

Power for water configuration (W)

Power for air configuration (W)

Density of water (kg/m3)

Density of air (kg/m?)

Dynamic viscosity of water (kg/m.s)

Dynamic viscosity of air (kg/m.s)

Velocity of water (m/s)

Velocity of air (m/s)

Power coefficient for water configuration
Power coefficient for air configuration

TSR for water configuration

TSR for air configuration

Overall efficiency

Number of blades

Pitch angle of turbine for water configuration
Angle of twist of turbine

Blade radius/length for water configuration (m)
Blade radius/length for air configuration (m)
Combined/average blade radius/length (m)
Increment in blade radius/length for relative value (m)
Modified TSR for water configuration

Number of blade profile sections

Rotational speed for water configuration (rad/s)
Rotational speed for air configuration (rad/s)
RPM for water configuration

RPM for air configuration

Axial induction factor for water configuration
Tangential induction factor for air configuration

Relative flow angle for water configuration

l4|Page



Mach number for water configuration

Mach number for air configuration

Reynold’s number for water configuration
Reynold’s number for air configuration
Combined/average Reynold’s number

Angle of attack for water configuration (°)
Angle of attack for air configuration (°)
Combined optimum angle of attack (°)

Chord length at tip for water configuration (m)
Chord length at tip for air configuration (m)
Combined/average chord length at the tip (m)
Chord length at a section (m)

Aerodynamic Centre of a chord section (m)
Coefficient of lift for water configuration
Coefficient of lift for air configuration
Coefficient of drag for water configuration

Coefficient of drag for air configuration

Maximum value of lift-to-drag ratio for water configuration

Maximum value of lift-to-drag ratio for air configuration

Coefficient of Moment

15| Page



1 INTRODUCTION

Northern areas of Pakistan are blessed with lots of rivers and streams which are a
potential power source if utilized properly. Unfortunately, there are not many active
projects to harness this energy from these sources. A few locally made turbines known

locally as “Junder” (L#2) are operating in many areas but they produce very limited power.

The best solution to utilizing these sources are hydrokinetic turbines which utilize kinetic
energy of the moving water to produce power. Some work has been done on hydrokinetic
turbines in the past years. However, their usage in northern areas was limited to summers
only as there is enough water flow available in rivers and streams during summers. In
winters, however, the water either freezes or its flow is limited which makes the use of
hydrokinetic turbines not so practical during those days. In short, a household totally
relying on its own power production from the water sources available in the area will
have to find a way to ensure the power supply during the days of inactivity of
hydrokinetic turbines.

Keeping in mind the economics of the case, the only solution that seems feasible is to
enable the turbines to work in both wind and water so that the power supply becomes
independent of the weather conditions and availability of water. Although there are many
complications related to the geography of the area where the turbine will be working and
the turbine design itself as water turbines require strong blades to withstand the water
pressures and the wind turbines need to be light in weight to perform well.

What we have to do is to design a horizontal-axis hybrid turbine that can not only produce
power in both wind and water but also is easy is install during media switching (i.e., air
and water). The power output of the turbine is supposed to reach around 500-1000 watt
so that it can power a typical household. The configuration mechanism of turbine should
be designed too for this purpose. Our main purpose is to provide the proof of concept as
no work has been done in this regard. The feasibility of the turbine, however, is not in
the scope of our project.

1.1  Motivation of Work
Following is the motivation behind the project:

1.1.1 Detrimental Impact of Unclean Energy

The non-renewable energy such as fossil fuels will ultimately run out so the world is
looking for feasible alternatives such as hydro and solar energy. The non-renewable
traditional energy sources such as fossil fuels are pumping loads of CO2 into the
atmosphere causing greenhouse effect and the rise of temperatures globally. The rise in
global temperature and the melting of icebergs in polar region is causing rise of sea levels
which will lead to the drowning of coastal areas. Pakistan is also in the top 10 most
vulnerable countries to climate change. 80% of our water comes from glaciers which are
continuously depleting due to greenhouse impact and rise of global temperatures

1.1.2 High Demand for Cheaper Energy

The energy obtained from non-renewable sources such as coal and oil are very expensive
for industry and non-commercial users. There is a need to shift to renewable energy
sources to meet the growing demands for cheaper energy. Cheaper energy allows the
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industry to produce goods at lower price so it’s easier to compete with other countries.
Cheaper energy also makes it affordable for a common man to manage his monthly
expenses. In Pakistan, we produce electricity at an expensive rate compared the other
regional countries such as India and Bangladesh, this makes it difficult for Pakistani
Industry to capture global industrial orders, so there is a need to shift to cheaper
renewable energy.

Global growth in net electricity generating capacity

M Fossil fuels Wind Hydro |l Solar Other renewables Nuclear

120GW

100GW

80GW

60GW

40GW

206w

Figure 01: Growing Demand for Cheaper Renewable Energy

1.1.3 Energy Access for Remote Areas

Supplying energy to remote areas can be a difficult task. Taking transmission lines to
remote areas is very difficult because of land losses and expensive management. Using
non r4enewable energy here will prove harmful for the environment. So, the best solution
here is to utilize the natural resources such as wind and water energy to produce and
provide energy to remote areas locally. This will decentralize the energy grid and
distribution system, create cheap energy affordable to local people and this will have no
harmful impact on the environment.

1.1.4 Sustainable Development Goals

The project meets the sustainable development goals. The project accounts for changing
climatic situation, taking in to account rising global temperatures and pollution and
therefore providing a sustainable, long-term economic solution.

Following SDGs are targeted through our project:

1. SDG 07: Affordable and Clean Energy

SDG 09: Industry, Innovation and Infrastructure
SDG 11: Sustainable Cities and Communities

SDG 12: Responsible Consumption and Production
SDG 13: Climate Action

AN
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Figure 02: SDGs covered by Horizontal Hybrid Turbine Project

1.2  Problem Statement

As the fossil fuel reserves deplete, the world is fast moving towards renewable
technologies. Among renewable energies, hydro and wing energies are most reliable and
cheap source of renewable energy. Large dams are a good source of renewable energy
but they take a lot of time and resource to construct. The Dams cannot be constructed at
any place, they can only be built in specific places based on dam site evaluation.

To provide electricity in remote areas, hydrokinetic turbines are a good option, they are
cheaper and easy to install. However, the problem with hydrokinetic turbines is that
during winter the flow in rivers and streams decreases causing the power production of
hydrokinetic turbine to fall significantly. Wind turbine can be used in these regions as
well but the issue with wind turbine is that wind turbines have lower power production
compared to hydrokinetic turbines for the same blade radius.

Our proposed solution is to use a hybrid turbine that can act as a hydrokinetic turbine in
the summer and wind turbine in winter season. Since the water discharge is high in
summers, power production will be high when using water medium and in winters when
river flow discharge will be low, the hybrid turbine can be used as a wind turbine to
ensure power supply throughout the year.

1.3  Objectives
The project’s primary objective is to develop a Horizontal Hybrid Turbine which can be
used in water and wind medium. The turbine will be able to work in remote areas like
northern areas of Pakistan and whole system including turbine transmission gear and
generator will give a net power output of 500-1000 watts. This will be enough to power
a single household.

Following are the objectives:

1- Design and analysis of portable hydrokinetic turbine which can operate in both
air and water
2- Implementation of optimized blade design for use in air and water
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3- Scaling up the power production capacity of the turbine to enable it to power a
single household

4- Analysis of the power coefficient and structural integrity using numerical
simulations
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2 LITERATURE REVIEW

From the literature review, no significant material was found specifically referring to our
project. Some work has been done on the hydrokinetic turbines and even on the portable
hydrokinetic turbines, however, the hybrid turbines field has not yet been explored so
far.

2.1  Turbine

A turbine is a device that harnesses the kinetic energy of some fluid - such as water,
steam, air, or combustion gases - and turns this into the rotational motion of the device
itself.

2.1.1 Working principle

Turbines work on a simple principle, they have 2, 3 or more propeller type blades which
are turned around the rotor by the force of the working fluid acting on them. This turning
rotor via a shaft is used for the production of power through a generator. Basic schematic
of a turbine is shown below:

Speed signal

DEH )
ZZZZZ£> turbine generator Power
system grid
Vol tage
signal
Exciter
&
control

Figure 03: Turbine Working Principle

2.2  Turbine Types
A general overview of a few types of turbines is given below:

2.2.1 On the Basis of Orientation
On the basis of orientation, turbines are divided into two main types:

2.2.1.1 Horizontal Axis Turbine: Their axis of rotation is parallel to the general direction
of fluid flow
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2.2.1.2 Vertical Axis Turbine: Their axis of rotation is perpendicular to the general
direction of fluid flow

Rotor
Blade

Gearbox
Generator

Nacelle

+— Tower

Horizontal axis Vertical axis

Figure 04: Horizontal Axis versus Vertical Axis Turbines

2.2.2 Main Differences between Horizontal & Vertical Axis Turbines
Although Vertical Axis Turbines have the advantage of accepting fluid flow from any
direction, still, a horizontal turbine is preferred because of the following characteristics:

1. More power production capacity
Low infrastructure

More efficiency

Less environmental impacts
Less noise

Less space requirement

Easy installation

8. Easy maintenance

2.2.3 On the Basis of Working Fluids
There are many types of turbines on basis of working fluid but the most commonly used
are:

No gk owh

2.2.3.1 Wind Turbines

The wind turbines, as name suggests, uses the kinetic energy of wind to produce power.
The wind itself is caused by the combination of following concurrent events:

I The sun unevenly heating the atmosphere
ii. Irregularities of the earth's surface
iii. The rotation of the earth
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Figure 05: Wind Turbines
Wind Turbines are classified on the basis of their orientation as:

2.2.3.1.1 Horizontal Axis Wind Turbine: Also known as HAWT, rotates parallel to the
wind flow.

2.2.3.1.2 Vertical Axis Wind Turbine: Also known as VAWT, rotates perpendicular to
the wind flow.

2.2.3.2 Water Turbines
Water Turbines utilize energy from water to produce the power.

There are two main types of Water Turbines:

2.2.3.2.1 Hydrostatic Turbines: They use the potential energy of the stored water
falling from a height to produce power

Hydroelectric Dam

Long Distance

Powerhouse Power Lines

Generator

Figure 06: Hydrostatic Turbines
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2.2.3.2.2 Hydrokinetic Turbines: They use the kinetic energy of the flowing water to
produce energy (Similar to Wind Turbines).

Figure 07: Hydrokinetic Turbines

2.2.4 Main Differences between Wind & Water Turbines

1. Power Production Capacity: With size and other parameters constant, Water
turbine is capable of producing more power than wind turbine. This is because
the density of water is higher than air.

2. Size: Wind Turbines tend to be much larges in size than the water turbines

3. Material Properties: They are of prime importance when it comes to various
turbines. Water turbine blades are supposed to be stronger as they have to
withstand high pressures exerted by water.

2.3 Design Parameters

2.3.1 Power Coefficient

Power Coefficient is defined as the limit up to which a turbine can extract power from
the fluid causing it to operate. The reason for this is that for the turbine to completely
extract all the power from the fluid it should come to rest after passing through the
turbine. The maximum value of the extracted power is defined as Betz limit and its value
is 0.593.

Total power available in the working fluid is given as:
1 3
Peotar = EPAV

Where, p is fluid density, A is swept area and v is fluid freestream velocity
Power extracted or produced by the turbine is given as:
Pryrbine = Tw

Where, T is torque and o is rotational velocity
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The power coefficient can be calculated by the following equation:

P turbine __ Tw

C., = =
P Ptotal %pAv3

This leads to another way of defining C,, the ratio of mechanical power of rotor to the
power available in the fluid.

2.3.2 Tip Speed Ratio
It is a very important design parameter for turbines. TSR is defined as the ratio of
tangential velocity of the fluid at the tip of the blade to the fluid freestream velocity.

)
A= —
v

Where, A is TSR, r is blade length, o is rotational velocity and v is fluid freestream

velocity.

An optimum value of TSR is chosen in order to achieve a high value of C,. All the
optimum values of geometric parameters of the rotor are based on TSR. It has been found
that efficiency is directly proportional to TSR, however, the value of TSR can be
increased to certain limit because aerodynamic and centrifugal stresses, and noise also
increase with TSR. The chord width reduces with increasing value of TSR meaning a
narrow blade profile so more chances of failure. Hence, the requirement of enhanced
structural integrity increases with TSR.

2.3.3 Swept Area

The area in which the flowing fluid makes contact with the turbines blade is called swept
area. In other words, the area swept by the blades of the turbine as observed from front.
It is a very essential parameter in turbine design. It determines the size of the turbine.
The portability is greatly affected by swept area.

A= nr?

Where, A is swept area and r is blade radius. This is defined for horizontal axis turbine.
For vertical axis is given as,

A= DXH
Where, ‘D’ is the diameter and ‘H’ is height.

Figure 08: Swept Area for Horizontal Axis Turbine
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Figure 09: Swept Area for Vertical Axis Turbine

The swept area directly effects the power production of the turbine; however, it also leads
to increase in cost and material requirements. Hence, the swept area should be chosen as
to balance power production, cost and material requirements.

2.3.4 Angle of Attack

The angle between in the incoming fluid flow to the chord line is termed as angle of
attack. Angle of attack affects the operation of turbine and its power production. Its value
also changes the value of stresses that are produced on the blades of the turbine. In
literature it is usually expressed as a. The angle of attack value is selected as to maximum
lift-to-drag ratio.

Lift

Chord Line

Relative Wind ~A
-

~X
Angle of
| Attacka

Figure 10: Angle of Attack

2.3.5 Angle of Twist

Angle between chord line and rotor plane is termed as angle of twist, represented as f. It
is dependent upon desired angle of attack and TSR. It can also be defined as the
difference between angle of attack and relative flow angle. It leads to increase power
production but also to complexities in manufacturing. So, sometimes the angle of twist
is reduced to simplify manufacturing and cut cost but comprises power production, an
optimum value is to be selected. Twist angle shows torsion of the blade. It is termed as
pitch angle as well.

FL Lift force

FD Resistance

v a A Angle of attack

ﬁ pitch angle

U Linear speed D Wind speed W Relative wind speed

Figure 11: Angle of Twist or Pitch Angle
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2.4  Hybrid Turbines

A hybrid turbine, by definition, is a turbine that can operate in both the working fluid,
i.e., Air and Water. In past, no work has been done on the hybrid turbines. The material
that we explored was available separately for the wind turbines and the water
(hydrokinetic) turbines. So far, no one has explored the common area to find a solution
to the hybrid turbines.
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3 METHODOLOGY

As discussed in the literature review, no work has been done previously on the hybrid
turbines. So, for the rotor design, we used the data available for the wind and hydrokinetic
turbines to calculate the initial parameters analytically and after finding the suitable
middle grounds for the parameters, we made an initial design. Then this design was tested
and tweaked analytically to get verification for our initial assumptions and design. Also,
the generator selection and the transmission system design were done according to our
requirements and the available data. Lastly, the Reconfiguration Mechanism was decided
& designed.

3.1 Initial Data

The properties for both the media (air & water) were available to us. Wind turbines are
not feasible under 5 m/s wind speed. Also, generally, the wind turbines are designed at 7
m/s wind speeds. Similarly, initial data for the water turbine was also available. The
overall efficiency of the turbine was taken as 70%. Also, the value of power coefficient
for wind turbine was assumed to be 0.45 from the historical data. The following table
summarizes the initial parameters used for our design and analysis:

Sr. No. | Parameter Value Unit
1. Wind Velocity 7 m/s

2. Water Velocity 1.6 m/s
3. TSR Wind 7 —

4. TSR Water 5 —

5. Wind Density 1.0585 kg/m3
6. Water Density 998 kg/m3
7. Dynamic Viscosity (Wind) 0.00002857 kg/m?s?
8. Dynamic Viscosity (Water) 0.001002 kg/m?s?
9. Required Power 1000 w
10. Efficiency 70 %

11. Power Coefficient for Wind Turbine 0.45 —

Table 01: Initial Parameters

3.2 Rotor Design
All the steps and methodology used for rotor design is discussed in detail below:

3.2.1 Pre-Design Calculations

3.2.1.1 Blade Length Calculations

For starters, we needed to know the length of the turbine blades for the simplest scenario.
For that purpose, firstly, the values for power coefficients (C,) for both wind and water
turbines were needed. The value of C, for wind turbine was assumed to be 0.45 as their
values generally fall in the range of 4-6. For the power coefficient of Water component,
we used the analytical relations found from the literature for different attack angles to
iterate and converge to a suitable value of Cp.
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The interrelated formulas used for iterations are:

1 1 0.035

2, A+00080 63+1

116 -125
C,(4,6) = 0.22 (A_ —0.40 — 5) e A
i
With value of required power already known, i.e., 1000 watt, using the value of Cp and
with the incorporation of overall efficiency in the formula shown below, we calculated
the values of radius for the both wind and water components. The formula used is shown

below:

p=1 2% v3 X C
—E’DXT[T X v X anO

After calculating blade lengths separately for the wind and water cases, their average was
taken in order to get the blade length for the Hybrid Turbine case.

3.2.1.2 Chord Lengths at Sections Calculations

We had divided the entire Blade into 10 parts. The Value of the chord length was
calculated at the tip of thew blade and then was translated towards the base of the blade
using a linearized model. The reason for using a linearized model was the design and
manufacturing simplicity.

The Chord Length at a section is related to lift and drag coefficients of the airfoil. The
lift and drag coefficients are obtained from a plot of the airfoil against a specific
Reynold’s number. The Reynold’s number itself is obtained from the Chord’s length. So,
in order to obtain the Chord Length, software XFoil was integrated with MATLAB to
iterate and read the values of Lift and Drag Coefficient for the selected airfoil geometry
against various Reynold’s Number values and Solve for the Chord Length value at a
maximum Lift-to-Drag condition.

3.2.1.2.1 Steps Involved
The methodology and formulae used for the chord length calculations in case of water
configuration are shown below.

For the calculation of axial induction factor:
4a(1 — a)?
L )
n
The tangential induction factor was calculated from axial induction factor using the
formula:

a(1+a)A> =a(l —a)
Then the relative angle was calculated using the formula:

1—a
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Lastly, the chord length for water was calculated as:

B 84 X1 X AXsin?p
€= (Cpsing — Cpcose) X npjgae X (1 —a)

In the case of wind, the chord length was calculated from the formula:

16nr

IncC A /12 +g

Where the value for C; was obtained from XFoil-MATLAB Integration as mentioned
before.

Cc =

After the Chord Length was determined, it was translated to other sections through the
linear increments. All the calculations mentioned above were done on MATLAB.

3.2.2  Airfoil Selection

3.2.2.1 Series Selection

Mostly, NACA foils are used in the turbine design. There were many options from
NACA airfoils series such as NACA 4-digit series, 5-digit series, 4-/5-digit series, 6-
series and 8-series. NACA 4-digit series, although used widely in past were not a good
choice as there are better options available. Similarly, NACA 6-series and NACA 8-
series were also not viable as they are very complex in geometry and thus manufacturing.
Therefore, NACA 5-digit series was selected. There were many reasons for this selection
such as:

1. Their higher maximum lift coefficient
2. Low Pitching moment
3. They are least affected by roughness

NACA Five-Digit Series:

The NACA Five-Digit Series uses the same thickness forms as the Four-Digit Series but the mean
camber line is defined differently and the naming convention is a bit more complex. The first digit,
when multiplied by 3/2, yields the design lift coefficient (¢)) in tenths. The next two digits, when
divided by 2, give the position of the maximum camber (p) in tenths of chord. The final two digits
again indicate the maximum thickness (t) in percentage of chord. For example, the NACA 23012
has a maximum thickness of 12%, a design lift coefficient of 0.3, and a maximum camber located
15% back from the leading edge. The steps needed to calculate the coordinates of such an airfoil
are:

1. Pick values of x from 0 to the maximum chord c.
2. Compute the mean camber line coordinates for each x location using the following equations,
and since we know p, determine the values of m and k4 using the table shown below.

y:=%‘[x3—3mx2+m3f3—ml x| from x=0 to x=p

k‘m1
¥, = 5 1-x) fromx=pto x=¢

Mean-line |Position of max
designation| camber (p) m k1
210 0.05 0.0580 [ 361400

220 0.10 01260| 51640
230 0.15 0.2025| 15.957
240 0.20 02900| 6643
250 025 03910] 3230

3. Calculate the thickness distribution using the same equation as the Four-Digit Series.

Figure 12: NACA Five-Digit Series
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3.2.2.2 Selected Airfoil

The airfoil We Selected was NACA 24012 airfoil. This airfoil is widely used in turbines
throughout the field. Its geometrical data was generated using a MATLAB Airfoil
Generator Code to be used later in the design process.

Figure 13: NACA - 24012 Airfoil Geometry

The properties of the airfoil we selected are:

Sr. No. | Property Value Unit

1. Design Lift Coefficient 0.3 —

2. Position of Maximum Camber from Leading 20 % of chord
Edge

3. Maximum Thickness 12 % of chord

Table 02: Properties of Selected NACA 24012 Airfoil

3.2.3 Initial Parametric Results
The calculations were done separately for the wind and water cases to determine the
blade lengths, chord lengths and other parameters for both cases.

The initial parametric results are shown below:

Sr. No. Parameter Wind Water Unit
1. Power Coefficient 0.450000 0.394163 —

2. Blade Length 2.359350 0.751291 m

3. Chord Length 0.119274 0.026550 m

4. Lift-to-Drag Ratio 10.85865 19.77854 -

5. Lift Coefficient 0.493200 0.634100 —

6. Drag Coefficient 0.045420 0.032060 —

7. Reynold’s Number 30246.33016 43027.54491 —

8. Angle of Attack 3.45 3.9 degree

Table 03: Initial Parametric Results

These values were then averaged to get the parameters for the combined configuration.
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Similarly, the pressure distribution obtained for the selected airfoil through QBlade is
shown below:

NACA 24012-Re=  36637-Alpha= 3.30
p

L Polar Type = 1
" et Reynolds = 36 000
~— Mach = 0.000

= NCrit = 9.000
1.000

Thickness = 12.00% Cm= -0.043
Max. Thick.pos. = 29.80% cd= 0035
Max. Camber = 2.08% /D= 15858
Max. Camber pos. = 20.40% Upper Trans. = D648
Number of Panels = 199 Lower Trans. = 1.000

Figure 14: Pressure Distribution over NACA 24012 Airfoil - QBlade Results

3.2.4 Combined Configuration Parameters
After getting separate values for wind and water cases, they were averaged to get the
parameters for combined rotor configuration as shown:

Parameter Value Unit
Blade Length 1.555320 m
Chord Length 0.072912 m

Table 04: Combined Configuration Parameters

3.2.5 Blade Twist Optimization

With the length, profile, no. of sections and Chord length at each section known, the next
step was to incorporate the twist at each section for proper harnessing of energy from the
working fluids when in operation. In order to optimize the twist at each section, we used
the software tool QBlade. The aerodynamic center is typically at 25% of chord length.
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The following table shows the sections of the blade with their profile, chord lengths and
the optimized twist:

Section | Section Type Chord Twist Length at Aerodynamic
Length at | (degree) | Section (m) Centre (m)
Section (m)

0 Circular 0.060000 40.98 0.000000 -

1 Circular 0.060000 25.45 0.155532 -

2 Circular 0.080000 17.59 0.311064 -

3 NACA 24012 | 0.243041 9.71 0.466596 0.060760
4 NACA 24012 | 0.182281 6.75 0.622128 0.045570
5 NACA 24012 | 0.145824 4.68 0.777660 0.036456
6 NACA 24012 | 0.121520 3.17 0.933192 0.030380
7 NACA 24012 | 0.104160 2.01 1.088724 0.026040
8 NACA 24012 | 0.091140 1.09 1.244256 0.022785
9 NACA 24012 | 0.081014 0.35 1.399788 0.020253
10 NACA 24012 | 0.072912 -0.26 1.555320 0.018228

Table 05: Blade Section Parameters

Also, the value of optimized angle of attack against maximum lift to drag extracted from
QBlade data is shown as:

Quantity Value Unit
Maximum CL/CD 15.858 —
Angle of Attack 3.3 degree

3.2.6 Final Blade Modelling and Rotor Assembly

Table 06: Blade Parameters from QBlade

After getting the final values of all the parameters required for modelling, SolidWorks
was used to design the blade and then it was assembled with the hub to create the final

Rotor.

The figures below show our designed blade and the rotor assembly:

Figure 15: Designed Blade Cross Sections
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Figure 16: Designed Rotor Assembly

3.2.7 Numerical Analysis - CFD

The Numerical Analysis was done on ANSYS Fluent to determine the torque trends for
the fluids acting on the turbine. Also, the visualization of fluid flow across the turbine
was obtained. The values of C;, Cp, and C,,, were obtained which were to be used for
structure analysis as they determine the lift and drag forces and moments which are
detrimental for structure integrity.

3.2.7.1 Domain Specifications

The domain dimensions for each case (Wind and Water) were same. Only a few
parameters were changed which will be specified later. There were two fluid domains in
total:

i. Inner Fine Domain
ii. Outer Coarse Domain

3.27.11 Inner Fine Domain

Since this part of fluid is directly in contact with the turbine blades, this domain was
supposed to be finer so that the calculations done were as accurate as possible. This
domain was rotating (i.e., dynamic) to account for the rotation of the turbine blades.

3.2.7.1.2 Outer Coarse Domain

Outer Domain is the portion of fluid away from the turbine. Since this portion was not
directly in contact with the turbine and didn’t affect the calculations as such, we set it as
coarse domain. The outer domain was set to be static.

Domain Shape Dimensions

Width (m) | Height (m) | Length (m) | Diameter (m)
Inner Cylindrical - - 0.45 3.5
Quter Cuboid 35 35 90 -

Table 07: Computational Domain Properties for CFD
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3.2.7.2 Mesh Properties
The following table shows the final mesh sizes which yielded the desired results for our
analysis:

Domain Mesh Sizing

Body Sizing (m) Face Sizing (m)
Inner Fine Domain 0.05 0.01
Outer Coarse Domain 2.00 0.01

Table 08: Mesh Sizing for CFD

3.2.7.3 Time Step Calculations

To Analyze properties at every 5° of rotation, we needed to find the value of time step to
be used in the FLUENT Simulation setup. The analysis was done for a total of five
consecutive resolutions of the turbine.

The time step calculations were done for both air-based and water-based analysis. The
table below shows whole process for calculating the no. of time steps and the time step
size for both water and wind analysis of turbine rotor:

Parameter Wind Water Unit
RPM 300.848 49.118 rpm
RPS (=RPM/60) 5.014 0.8186 rps
Time for 1 Revolution 0.1994 1.2216 S
Time for 1° Rotation 5.5389 x 10~* | 3.393 x 1073 s
Time Step for 5° 0.00277 0.016965 s
No. of Time Steps for 1 Revolution 72 72 —
No. of Time Steps for 5 Revolutions 360 360 —
(Complete Analysis Time)

Table 09: Time Step Calculations for CFD

From the table it can be seen that to completely cover five complete revolutions of the
rotor, the no. of time steps needed were 360 with step size of 5.5389 x 10~*s and
3.393 x 1073 s respectively for wind and water simulations.

3.2.7.4 ANSYS FLUENT Setup

Double precision was utilized to solve the model. For the simplification purposes due to
limitations of computing resources the fluid flow was considered to incompressible in
nature.

The transient flows are due to instabilities in the fluid and they are broadly categorized
as following:

1. Naturally occurring transient flows
2. Forced transients

In our case the flow fell in the domain of naturally occurring transient flow. So, to
account for that in the general setup of fluent, pressure-based solver with transient
effects was enabled.

In the model setup of the fluent, the energy equation was left off, this can be done in
pressure-based solver for incompressible flows as pressure work, kinetic energy and
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viscous dissipation i.e., thermal energy due to viscous shear are negligible. To account
for turbulency Realizable k-& model with standard wall functions was used.

In the material section of fluent, simulation was to be performed for two different fluids,
the properties of fluid were specified. Constant values of density and dynamic viscosity
were used as flow was assumed to be incompressible. The values used were same as used
in analytical calculations in determining geometric parameters.

Then in cell zone condition section of fluent, fluid for both dynamic and stationary
domains fluid was specified. Furthermore, for dynamic domain mesh motion was
enabled. The rotation axis was specified as y-axis and the value of rotational velocity
was assigned depending on which configuration was analysis being performed.

In the boundary condition section, inlet boundary condition was velocity inlet, outlet
boundary was pressure outlet and stationary domain side boundaries and turbine
boundary were specified as walls. Furthermore, a mesh interface was also generated
between the faces of dynamic and stationary faces of the domain.

In the solution method, a coupled scheme was used with second order transient
formulation, second order turbulent kinetic energy, first order upwind specific
dissipation rate and first order upwind flow. In the control section default values were
left as it is.

Hybrid initialization was utilized with reference values taken from the inlet. In report
definition section, drag, lift and moment coefficient monitors were generated. In the Run
Calculation section fixed time stepping method was used. For every time step twenty
iterations were specified. The calculations for time step have already been shown.

Parameter Specifications

Precision Double Precision

Fluid Flow Incompressible

Fluid Flow Naturally Occurring Transient Flow
Solver Pressure based

Turbulence Model

Realisable k — ¢

Wall Treatment Standard
Axis of Rotation y - axis
Inlet Boundary Velocity Inlet
Outlet Boundary Pressure Outlet
Transient Formulation 2" Order
Turbulent Kinetic Energy 2" Order
Upwind Specific Dissipation Rate 1% Order
Upwind Flow 1% Order
Initialization Hybrid
Time Stepping Method Fixed

Table 10: ANSYS FLUENT Setup
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3.2.8 Numerical Analysis — Structural

In order to see the effects of fluid flow on the structure and get an idea of structural
integrity, structural analysis was also performed. As the flow varied with time, so
transient structure analysis was performed. One way coupling was utilized i.e., the results
of Fluent were transferred to the Transient Structure setup to transfer the loads on the
turbine due to fluid flow.

3.2.8.1 Analysis Setup

In the model section, a mesh of 0.025 m was generated. The rotation was applied to the
turbine with an appropriate constraint at the turbine shaft. The analysis was run for
around 1.5 seconds with a total of 1000 time steps. The equivalent strain, alternating
stress due to fatigue, total deformation and factor of safety were evaluated.

The table below summarizes the setup details regarding structural analysis of the turbine:

Parameter Value Unit
Mesh Sizing 0.025 m
Analysis Time 1.5 S
No. of Time Steps 1000 -

Table 11: Rotor Structural Analysis - ANSYS Setup

3.2.8.2 Material Used

The material used for the structure analysis was Aluminum 2018 T61 Alloy. This was
selected as most of the turbines are made of Aluminum alloys and the purpose of the
analysis was to just get the insight of structure integrity. Also, it is a light material, as the
mass of our rotor is 39.63 kg. The properties of the alloy are as follow:

Property Value Unit
Tensile Yield Strength 317 MPa
Compressive Yield Strength 317 MPa
Tensile Ultimate Strength 421 MPa
Poisson Ratio 0.33 —
Density 2800 kg/m3
Elastic Modulus 74.5 GPa

Table 12: Aluminum 2018 T61 Alloy Properties

3.3 Selection of the Electrical Components

3.3.1 Yaw control

Yaw control is a system that rotates the face of the turbine into the direction of the
incoming fluid flow so that maximum torque can be acquired. Yaw control is used only
in wind turbines because direction of fluid flow in case of wind changes while it remains
same in case of water.

There are two types of yaw control:

3.3.1.1 Active yaw control
Active yaw control uses wind sensors that feed a control system, which in turn give signal
to motors that rotate the nacelle of the turbine against the stationary base tower
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3.3.1.2 Passive Yaw Control
Passive yaw control uses a tail fin that uses the impact of the incoming fluid to turn the
turbine in the direction of the incoming fluid.

3.3.1.3 Yaw Control in Hybrid Turbine
We use passive yaw control in hybrid turbine because of following reasons:

e Passive yaw control is more economical compared with active yaw control

e In micro scale turbines, fin tails are more commonly used as they are effective
and reliable

e Use of active yaw control causes difficulty in turbine portability due to increased
weight

3.3.2 Current and Voltage Sensors

The current and voltage output of a hybrid turbine will vary depending upon fluid (air or
water) and fluid velocity. Current and voltage sensors will be used to monitor the output
of the turbine

3.3.3 Pitch Control

Pitch control allows the rotation of the blades so that a balanced fraction of the fluid
energy can be extracted while keeping in check the maximum allowed safe limit of
rotational speed. Pitch control uses a control system that sends signal to driving motors
attached to turbine blades that adjust the pitch angle depending on the fluid speed and
power output needed. In case of the hybrid turbine passive fixed pitch is used because

e It has small blade radius; the stresses are too low to incorporate active pitch
control

e Anactive pitch control will make it economically non feasible due to the addition
of driving motors, control system and sensors

e Adding driving motors for active pitch control will hinder turbine’s portability

3.3.4 Generator Specifications
3.3.4.1 Selection Criteria
Following criteria was used to select generator,

e The generator should have a rated power in close proximity of the required target
power

e The generator should have small size and less weight so that portability isn’t
compromised

e Permanent magnets are used in hydrokinetic turbine generator while wind turbine
generator can use both electromagnets and permanent magnets, so the hybrid
turbine generator should be of permanent magnet type

3.3.4.2 Selected Generator

The generator selected for our turbine is 145-STK-2M series permanent magnet
alternator with a rated power of up to 1752 W. The mass of the selected alternator is 6.2
kg.
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The alternator’s technical details along with its comparison to other alternators are given
below:

TECHNICAL CHARACTERISTICS
145 STK ALTERNATORS

See also the curves of Voltage, Torque, Efficiency vs Speed

1458TK2M 1458TK4M 1458 TK6M 1458 TK8M
Rated speed Rpm 650 | 1500 | 650 | 1500 | 650 | 1500 | 650 | 1500
= Rated power (1)(2) w 571 | 1752 | 1307 | 3389 | 1962 | 4904 | 2633 | 6462
5] g Input torque at rated speed(1)(2) Nm | 112 | 139 | 254 | 252 | 36 | 359 | 47.8 | 47
ng_ o [Efficiency at rated power (1)(2) % 75 81 76 86 81 87 81 88
3 3 [Current at rated power (1) Amps 14 | 43 | 32 8 48 | 13 | 64 16
€ |Voltage at rated power (1)(2)(3) V__ | 244 | 250 | 243 | 260 | 246 | 231 | 249 | 248
7® % [Rated Power at half speed (1)(2) W 204 | 690 | 493 | 1566 | 739 | 2319 | 1075 | 3097
F 2@ [Input torque at half speed (1)(2) N.m 89 | 115|207 | 254 | 288 | 36 | 435 | 47.8
B 2 [Efficiency at half s 1)2) % 68 77 70 78 76 82 73 83
INumber of poles (number of pairs of poles) 12 (6)
Cogging torque N.m 0.2 0.4 0.6 0.8
[Phase résistance at 20°C Ohm | 198 | 453 | 86 [ 1.4 | 411 | 059 | 3.18 | 0.51
[Phase inductance (5) mH 105 | 24 60 10 34 | 49 | 258 | 441
[Voltage at no load (back emf) at 20°C (4) v 365 | 393 | 390 | 367 | 357 | 312 | 361 | 334
[Rotor inertia 10 Kg.m2) 1.28 2.24 3.19 4.14
Weight Kg 6.2 10.4 14.5 18.7
Power cable square section (6) mm? 4x1.5 4x1.5 4x1.5 4x1.5
[Power cable diameter mm 28.6 28.6 28.6 28.6

Figure 17: 145 STK Alternators - Specifications
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Figure 18: 145STK-2M Alternator - Power vs RPM
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Figure 19: 145STK-2M Alternator - Torque vs RPM
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Figure 20: 145STK-2M Alternator - Efficiency vs RPM

From the above data FOR 145STK-2M Alternator, for a rated power of 1000 watt:

e The RPM is around 960
e Torque is around 12.2 N.m.
e Efficiency is around 77.2%
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The parameters are summarized as a table below:

Sr. No. | Parameters (for 1000 W Output) Value Unit
1. RPM 958.780 rpm
2. Torque 12.181 N-—-m
3. Mass 6.200 kg
4. Efficiency 77.180 %
Table 13: 145STK-2M Characteristics at 1000W Output
3.4  Transmission Systems

The generators used in wind turbines and hydrokinetic turbines have RPMs of about
800 rpm that may go up to as much as 1500 rpm . The rotor blades in wind have about
300.848 rpm and rotor blades had about 49.118 rpm in water. So, a gear transmission
system is needed to increase the RPM and decrease the torque transmitted from the
turbine.

34.1

Gear Transmission System in Hybrid Turbine

We had to address following challenges to design a gear transmission system for hybrid
turbine:

3.4.2

Increase the RPM and decrease the torque for both water and wind media.
Propose a mechanism for achieving two different gear ratios for wind — generator,
and water — generator configurations.

Steps in Designing Gear Transmission System

Following approach was used to come up with design for transmission system

RPMs for wind and water medium were calculated from the typical values of
TSR. RPM for water medium was 49.118 rpm and RPM for wind medium was
300.848 rpm

Parameter

wind Water Generator

RPM

300.848 49.118 960

Table 14: Rotor and Generator RPM

RPM for 1000 Watt Rated power for generator was 960, obtained from the
technical characteristics chart for a generator

The gear ratios for water — generator, and wind — generator was obtained from
the RPMs for wind, water and generator

The criteria used for determining gear ratio was to restrict gear ratio to below 10
to ensure smooth functioning of gears. We had gear ratio of 18.75 for water
medium so we had to introduce an intermediate shaft and compound two stage
gear system to make sure that gear ratio stayed below 10.

The gear teeth for rotor shaft for wind / water and gear teeth for generator shaft
were determined from respective gear ratios.

After multiple iterations, we decided on using a single gear of 300 gear teeth on
the main rotor shaft, two gears of 75 gear teeth and 36 gear teeth on the
intermediate shaft for water and wind mediums respectively. Lastly, there were
16 gear teeth and 94 gear teeth on the generator shaft for water and wind mediums
respectively.
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e 1.7 mm gear module was used.

The table below shows the specifications of the gears used in the transmission system for
both wind and water configurations:

Working Main Intermediate Generator Achieved
Fluid Shaft Shaft Shaft Torque
Reduction
Water 300 teeth 75 teeth 16 teeth 18.75
Wind 300 teeth 36 teeth 94 teeth 3.2

Table 15: Transmission System Specifications

3.4.3 CAD Model for Transmission Assembly

In the following CAD model, the 300 teeth larger gear can be seen on the right main rotor
shaft and two gears on each intermediate and generator shaft for wind and water
mediums. The larger rotor gear can change its position to achieve two different gear ratios
for wind and water.

Figure 21: CAD Model for Transmission Assembly
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Figure 22: Transmission System — Wind Configuration

PEANEE © v R O

Figure 23: Transmission System — Water Configuration
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4  RESULTS & DISCUSSIONS

In this chapter, we will show and discuss meaning of the results obtained for both the
Structural and Computational Fluid Dynamics (CFD) Analysis done for our various
components of Turbine.

4.1  Computational Fluid Dynamics

After applying the conditions explained in Chapter 03, the analysis was carried out in the
ANSYS Fluent separately for both the media (i.e., air and water). The purpose was to
obtain velocity contours of the moving fluid around the turbine to get an understanding
of the fluid flow around the blades. Also, for the calculation of power from simulation,
torque was obtained. The results obtained for wind and water simulations will be
discussed one by one.

4.1.1 Wind Simulation Results
The results obtained for the wind simulation are discussed below:

4.1.1.1 Velocity Vectors
For wind Simulation, velocity vectors that were obtained are shown below:

0 " .  1.000 2.000 (m)

T A 0500 1.500

Figure 24: CFD Wind - Velocity Vectors

From the figure showing fluid velocity vectors around the turbine cavity, it can be seen
that the maximum tangential velocity of fluid is obtained near the tips of the blades along
the outer circumference of the turbine rotor with a maximum value of 55.41 m/s . The
fluid velocity is near zero at the axis of rotation and gradually increases along the radius
till it reaches the tip and few inches beyond.
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4.1.1.2 Velocity Contours
The velocity contours obtained for the respective planes are shown below:

Figure 25: CFD Wind - Velocity Contours 01

Figure 26: CFD Wind - Velocity Contours 02

44 | Page



Figure 27: CFD Wind - Velocity Contours 03

From the velocity contours obtained through CFD post-processor, it can be seen that the
velocity of fluid ranges from 0 m/s at the center to 54.28 m/s at the edges of the
rotating cylindrical fluid domain.

4.1.1.3 Fluid Streamlines

To observe the fluid flow pattern, it’s necessary to have a look at the fluid streamlines to
have a grasp of how the fluid flows in the presence of turbine. The figure below shows
the fluid streamlines as the turbine rotates in the air:

ANSYS

R19:2

5.000 (m) ‘j_. 2
I

Figure 28: CFD Wind - Fluid Streamlines

45| Page



4.1.1.4 Tip Average Velocity

In order to confirm the value of TSR that we used in calculations, the value of velocity
at the blade tip was required. This value was calculated by forming a velocity vector at
the blade tip in the Post-CFD Processor after completion of simulations.

The figure below shows the velocity vector profile at the blade tip:

B Mesh Calculator

£ Function Calcuiator

Function Calculator ! ‘{

Function -

Location Line 1

Case Copy of Copy of Fluent at 0.9972s

Varizble Velocity -
Results
Average of Velocity on Line 1

50,9206 [m s7-1]

%
0 1.000 2.000 (m:
e e T — " v'_Lz 4
[[] show equivalent expression 0.500 1.500
el
3D Viewer Table Viewer Chart Viewer Commen it Viewer Report Viewer

Figure 29: CFD Wind - TSR Verification
From the figure it can be seen that:
Velocity at Tip = 50.9206 m/s
On the other hand,
Wind Stream Velocity = 7.0 m/s

Dividing these values to get the numerical TSR:

] 50.9206
= Achieved TSR = 0 = 7.2744

Also,
Initially assumed TSR =7

Which means that our initial assumptions for the TSR match with the value of TSR
obtained from the CFD Analysis.

4.1.1.5 Torque and Power Calculations

We also needed the value of torque produced by the turbine under the given assumptions
and conditions. The reason being the power production capacity of the turbine can be
calculated from the value of torque it produces. In this way, we would be able to find out
whether the turbine was capable of producing the power it was required to produce under
the given conditions or not. The results could be compared with the analytical ones from
MATLAB.
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The figure followed shows the torque obtained for the turbine in case of air from the
ANSYS Fluent CFD Post-Processor:

.y s Cauawr
£ Function Calaulator

v

Clear previous resuts on calculate . vo—L 5

3 j =
[ show equivalent expression S 0.750 / 2250 C
=

3000 (m) ..

Figure 30: CFD Wind — Torque and Power Calculations

We can see that the value of torque obtained for our turbine under the set conditions for
the wind case is 13.7936 N — m.

Now, to calculate the power produced, the product of the achieved torque and the angular
velocity was taken as shown:

Achieved Torque = 13.7936 N —m
Angular Velocity = 31.505 rad/s
= Power Produced = 13.7936 x 31.505 = 434.5674 W

The power produced in case of wind configuration was 434.5674 W. Our minimum
requirement for the power produced was 500 W which means that the achieved power
output was in close range of our minimum desired output.

Calculating percentage difference:

500 — 434.5674
500

Thus, the power achieved was 13.086 % less than that of the desired power output.

X 100 % = 13.086 %
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4.1.2 Water Simulation Results
The results obtained for the water simulation are discussed below:

4.1.2.1 Velocity Vectors
For water Simulation, velocity vectors that were obtained are shown below:

Figure 31: CFD Water - Velocity Vectors

From the figure showing fluid velocity vectors around the turbine cavity, it can be seen
that the maximum tangential velocity of fluid is obtained near the tips of the blades along
the outer circumference of the turbine rotor with a maximum value of 9.124 m/s. The
fluid velocity is near zero at the axis of rotation and gradually increases along the radius
till it reaches the tip and few inches beyond.

4.1.2.2 Velocity Contours
The velocity contours obtained for the respective planes are shown below:

Figure 32: CFD Water - Velocity Contours 01
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Figure 33: CFD Water - Velocity Contours 02

Figure 34: CFD Water - Velocity Contours 03

From the velocity contour picture obtained through CFD post-processor, it can be seen
that the velocity of fluid ranges from 0 m/s at the center to 8.938 m/s at the edges of
the rotating cylindrical fluid domain.
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4.1.2.3 Fluid Streamlines

To observe the fluid flow pattern, it’s necessary to have a look at the fluid streamlines to
have a grasp of how the fluid flows in the presence of turbine. The figure below shows
the fluid streamlines as the turbine rotates in the water:

ANSYS

R19.2

€
5.000 (m) ,L‘ 2

Figure 35: CFD Water - Fluid Streamlines

4.1.2.4 Tip Average Velocity

In order to confirm the value of TSR that we used in calculations, the value of velocity
at the blade tip was required. This value was calculated by forming a velocity vector at
the blade tip in the Post-CFD Processor after simulations.

The figure below shows the velocity vector profile at the blade tip:

E men” on 730"'!5&1

Function Calculator

Case |Copy of Fluent at 6. 10565 -

Variable [ veloaty -] D

Drecton G088 g =

Flud | Water Liuid |
Results.

Average of Velocity on Line 1

8.43611 [ms™-1]

X

[ Clear previous results on calcuate 0 1.000 Zm“' (m) r-iz
[] show equivalent expression 0.500 1.500 @
e

Figure 36: CFD Water - TSR Verification
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From the figure it can be seen that:

Velocity at Tip = 8.43611 m/s
On the other hand,

Water Stream Velocity = 1.6 m/s

Dividing these values to get the numerical TSR:

8.43611

= Achieved TSR = BT = 5.2726

Also,

Initially assumed TSR =5

Which means that our initial assumptions for the TSR match with the value of TSR

obtained from the CFD Analysis.

4.1.2.5 Torque and Power Calculations

We also needed the value of torque produced by the turbine under the given assumptions
and conditions. The reason being the power production capacity of the turbine can be
calculated from the value of torque it produces. In this way, we would be able to find out
whether the turbine was capable of producing the power it was required to produce under
the given conditions or not. The results could be compared with the analytical ones from

MATLAB.

The figure followed shows the torque obtained for the turbine in case of water from the

ANSYS Fluent CFD Post-Processor:

" Macro Calcuiator
8] Mesh Caleulator
£2] Function Caleulator

Function Calculator
Case Copy of Fluent at 6. 10565
Variable Pressure
Ais Global - -

Fluid Water Liquid

Results

Torque on turbine_cavity

393,54 [N m]

0 2.000 4.000 (m)
I}

Clear previous resuits on calculate
[ show equivalent expression 1.000 3.000

Calaulate Hybrid Conservative

Figure 37: CFD Water - Torque and Power Calculations

We can see that the value of torque obtained for our turbine under the set conditions for

the wind case is 393.54 N — m.
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Now, to calculate the power produced, the product of the achieved torque and the angular
velocity was taken as shown:

Achieved Torque = 393.54 N —m
Angular Velocity = 5.144 rad/s
= Power Produced = 393.54 X 5.144 = 2024.3698 W

Thus, the power produced in case of water configuration was 2024.3698 W. Our
maximum requirement for the power produced was 1000 W which means that the
achieved power output was more than double of our maximum desired output.

2024.3698 — 1000
1000

Thus, the power achieved was 102.437 % more than that of desired power output.

X 100 % = 102.437 %

4.2  Structural Analysis

After performing the CFD Analysis on the turbine rotor for Power and Torque
Calculations, the structural analysis was done on the rotor as well as the Gear Assemblies
for Wind and Water Configurations.

The main purpose was to understand whether these components would withstand the
stresses acting upon them or not. If they withstood the stresses, the Factor of Safety was
calculated for these components using ANSYS Mechanical.

4.2.1 Rotor Structural Analysis — Wind

First, structural analysis of rotor was done by importing the pressure profiles on the rotor
from the CFD Post and then running the Transient Structural Analysis on the Turbine
Rotor. The Process Results are discussed below:

4.2.1.1 Imported Pressure Profiles
The Pressure Distribution Contours for the rotor blades in case of wind configuration,
imported from the CFD Analysis of the rotor, are shown below:

& -20.5872
-28.6392
-36.6913 Min

\"’L‘
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Geometry /( Print Preview}\ Report Preview/

Figure 38: Rotor Structural Analysis (Wind) - Imported Pressure Distributions
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4.2.1.2 Equivalent Alternating Stress
The figure below shows the Equivalent Alternating Stress on the Rotor due to the wind
pressure obtained through Structural Analysis:

v ‘
0.000 1.000 2,000 (m) Z
(= E—

0.500 1.500

 Geometry A Print Preview A Report Preview/ |

Figure 39: Rotor Structural Analysis (Wind) - Equivalent Alternating Stress

From the figure, the maximum Equivalent Alternating Stress on the Rotor Profile was
observed to be 6.1829 MPa. This value is far less than the yield strength of the material
that we selected i.e., 317 MPa.

4.2.1.3 Equivalent Elastic Strain
Similarly, the equivalent elastic strain on the rotor in case of wind configuration is shown
as:

276845

1.8459%-5

9.2337e-6 %
8.2706e-9 Min

Y
0.000 1.000 2,000 (m) z
| Eaaaa— S|
0.500 1.500
[\" y A Print Preview ) Report Preview / |

Figure 40: Rotor Structural Analysis (Wind) - Equivalent Elastic Strain

From the figure, the maximum value for Equivalent Elastic Strain on the rotor in case of
wind was found to be 8.3037 x 107>,
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4.2.1.4 Total Deformation
The figure below shows the Total Deformation of the turbine rotor in wind configuration:
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Figure 41: Rotor Structural Analysis (Wind) - Total Deformation

From the figure, the maximum value for Total Deformation on the rotor in case of wind
was found to be 0.0013072 m .

4.2.1.5 Factor of Safety
The figure below shows the Factor of Safety for Rotor in case of Wind Configuration

obtained from the Structural Analysis:

g
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Figure 42: Rotor Structural Analysis (Wind) - Factor of Safety

From the figure, the minimum factor of safety obtained for rotor in wind configuration
was:

Minimum FoS,,inq = 13.382

Which means that the rotor is too safe for any type of transient stresses acting on it due
to wind.
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4.2.2 Rotor Structural Analysis — Water

First, structural analysis of rotor was done by importing the pressure profiles on the rotor
from the CFD Post and then running the Transient Structural Analysis on the Turbine
Rotor. The Process Results are discussed below:

4.2.2.1 Imported Pressure Profiles
The Pressure Distribution Contours for the rotor blades in case of water configuration,
imported from the CFD Analysis of the rotor, are shown below:
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Figure 43: Rotor Structural Analysis (Water) - Imported Pressure Distributions
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4.2.2.2 Equivalent Alternating Stress
The figure below shows the Equivalent Alternating Stress on the Rotor due to the water
pressure obtained through Structural Analysis:

0.000 1.000 2.000(m) -
|~ SaSaaa—  SSS—
0.500 1.500

% Geometry A Print Preview ), Report Preview / ]

Figure 44: Rotor Structural Analysis (Water) - Equivalent Alternating Stress

From the figure, the maximum Equivalent Alternating Stress on the Rotor Profile was
observed to be 17.212 MPa. This value is far less than the Yield Strength of the material
that we selected i.e., 317 MPa .
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4.2.2.3 Equivalent Elastic Strain
Similarly, the equivalent elastic strain on the rotor in case of water configuration is shown

as:
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Figure 45: Rotor Structural Analysis (Water) - Equivalent Elastic Strain

From the figure, the maximum value for Equivalent Elastic Strain on the rotor in case of
water was found to be 2.4403 x 107%.

4.2.2.4 Total Deformation
The figure below shows the Total Deformation of the turbine rotor in water

configuration:
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Figure 46: Rotor Structural Analysis (Water) - Total Deformation

From the figure, the maximum value for Total Deformation on the rotor in case of water
was found to be 0.015284 m .
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4.2.2.5 Factor of Safety
The figure below shows the Factor of Safety for Rotor in case of Water Configuration
obtained from the Structural Analysis:
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Figure 47: Rotor Structural Analysis (Water) - Factor of Safety

From the figure, the minimum factor of safety obtained for rotor in water configuration
was:

Minimum FoS,,;,q = 4.8072

Which means that the rotor is too safe for any type of transient stresses acting on it due
to water.

4.2.3 Gear Train Analysis — Wind

The structural analysis for the two-stage transmission system (gear train) for wind
configuration was done by analyzing each stage separately. The purpose was just to
evaluate the stresses generated at the contact of the gear teeth. The results are discussed
below:

4.2.3.1 First Stage —Wind
The Frictional Stresses obtained for the first stage of wind transmission system are shown
below:

I 3.3296e6 ‘ S 4
{ 2.2197e6 4 5
110996 T ‘ V4 e
Wiy 0 001 0.02 (m) g v
y /

0.005 0.015
Figure 48: Gear Train Structural Analysis - Wind - Stage 01

From the figure, it can be seen that the maximum frictional stress acting upon the first-
stage gears interface is 9.9887 MPa .
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4.2.3.2 Second Stage — Wind
The Frictional Stresses obtained for the second stage of wind transmission system are
shown below:

Figure 49: Gear Train Structural Analysis - Wind - Stage 02

From the figure, it can be seen that the maximum frictional stress acting upon the second-
stage gears interface is 48.583 MPa .

4.2.4 Gear Train Analysis — Water

Similarly, the structural analysis for the two-stage transmission system (gear train) for
water configuration was done by analyzing each stage separately. Just like the case of
wind transmission, only the stresses at gear teeth were evaluated. The results are
discussed below:

4.2.4.1 First Stage — Water
The Frictional Stresses obtained for the first stage of water transmission system are
shown below:
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Figure 50: Gear Train Structural Analysis - Water - Stage 01

From the figure, it can be seen that the maximum frictional stress acting upon the first-
stage gears interface is 85.714 MPa .
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4.2.4.2 Second Stage — Water
The Frictional Stresses obtained for the second stage of water transmission system are
shown below:

3459167

Figure 51: Gear Train Structural Analysis - Water - Stage 02

From the figure, it can be seen that the maximum frictional stress acting upon the second-
stage gears interface is 311.32 MPa .
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5 CONCLUSIONS & RECOMMENDATIONS

5.1 Conclusions

The above results clearly show that the power production in case of wind is almost half
of 1000W. This was already expected because in order to account for size in water
configuration the blade radius was reduced, hence decrease in power production. The
calculated TSR for wind is in close proximity to the assumed value. The structural
analysis shows that for wind configuration the proposed design was safe to a very great
extent. Stresses generated were well below the strength of chosen material. The value of
strain and deformation were also very small.

For the case of water configuration, the turbine power production was around double of
1000W. The reason being the increase blade length from the calculated one for water
configuration only. Again, the achieved TSR value for water configuration was found to
be in close proximity of the assumed value. Structural integrity was also not
compromised for water configuration as well. The factor of safety achieved proposed
that the design is safe to good extent. Value of stresses generated were below the strength
of the material and strain and deformation were also reasonably low.

For both configurations it was found that the loads were more in the region of roots of
the blade to the middle of the blade. As blade basically behave as a cantilever beam so
this region is of interest from failure and breakage point of view.

A lighter material than Aluminum 2018 t61 alloy with less strength can be used as it was
found that structural integrity is not compromised for both configurations. Hence, the
weight of the turbine can be further reduced without exceeding the limits of structural
strength.

It can be inferred that power production capacity is dictated by the operation of the
turbine in wind configuration as defines the lower power capacity of the turbine. The
structural limits are defined by the operation in water configuration as water imparts
higher loads on the turbine, hence, dictating the upper limits of the structural strength of
the design.

5.2  Recommendations

A very fine and authentic analysis is always possible when the constraint of good
computational power is not present. This constraint forces the use of simplification and
assumptions to reduce the complexities of the problem.

The above analysis done, also faced the problem of computational power. Following are
some recommendations which enacted upon will increase the accuracy of the results
obtained

Mesh Refinement:

Refining the mesh is one of the most basic way of improving the results’ accuracy. The
domain mesh size can be further reduced to improve accuracy and diminish errors.
Similarly, mesh refinement for stationary domain can also be utilized.
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Y+ Inclusion:

The wall effects are essential to capture. These are not normally incorporated by the mesh
so a very fine layer or layers of mesh have to be generated around the wall to capture its
effects. To do so a y+ value of around 1 can be used to determine the first layer thickness
and thereupon a growth rate of 1.2 can be used. Around 20 to 30 layers are normally
sufficient to capture the wall effects. This method is basically known as inflation.

6DOF with Moment of Inertia Analysis:

In order to greatly simplify the problem a rotating domain was specified and rotational
velocity was also assigned. However, a better approach is to assign a moment of inertia
value to the turbine by enabling the 6 degrees of freedom (DOF). This will allow the
turbine to rotate when the fluid flows across it. This is will be accurately as we will
observe the rotation of turbine due to the fluid rather than pre-assigning the rotational
velocity.

Domain Sizing:

The domain size of the stationary domain can be enlarged to better develop the flow
properties before reaching the turbine. This will ultimately to a more accurate and precise
solution.

Enhanced Wall Treatment:

Currently standard wall treatment was used which is not much effective for the capturing
the wall effects. The usage of enhanced wall treatment, which increases the ability of k-
€ model to account for wall effects, can greatly influence the convergence of the solution
and lead to better results.

Two-Way System Coupling:

One way coupling was employed for structural analysis. However, a more effective way
is to use two-way system coupling. This simultaneously analyzes the flow effects and
stresses on the structure. In this way the deformation is changes in the structure are
accounted for as the fluid flow and in return how the changed structure affects the fluid
flow as well.
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APPENDIX A: MATLAB Code for NACA Airfoil Generation
& Pre-Design Calculations:

v_wind=7; %wind speed in m/s

v_water=1.6; %water speed in m/s

TSR_wind=7; %Wind tip speed ratio

TSR _water=5;  %Water tip speed ratio

rho_water=998; %water density in kg/m”3
mu_water=1.002e-3; %dynamic viscosity of water
mu_wind=2.857e-5; %dynamic viscosity of water

rho_wind= 1.0585; %air density at 1500m altitude in Kg/m"3
P_water=1000;  %turbine power in W

P_wind=1000;  %turbine power in W

eta_overall=0.7; %conservative value is used accounts for generator,electrical invertor and gearbox

efficiency
Cp_wind=0.45; %max value
n=3; %no.of blades

%theta is pitch angle of turbine

%Calculations for water configuration
%Determination of Cp and r
fori=1:3
theta(i)= ((i-1)*5) * pi/180;
lambda(i) = 1/(1/(TSR_water+0.08*theta(i))-0.035/((theta(i).*3)+1));
Cp_water(i) = 0.22*(116/lambda(i)-(0.4*theta(i))-5)*exp(-12.5/lambda(i));
end

Cp_water= max(Cp_water(i));

sprintf('Max value of Cp for water is %f',Cp_water)

r_water= ((2*P_water)/(rho_water*pi*Cp_water*eta_overall*(v_water"3)))"0.5;
sprintf(‘radius for water turbine is %f m',r_water)

%Calculations for wind configuration
r_wind= ((2*P_wind)/(rho_wind*pi*Cp_wind*eta_overall*(v_wind"3)))"0.5;
sprintf(‘radius for wind turbine is %f m',r_wind)

%Determining radius for hybrid purpose
R_avg= (r_water+r_wind)/2;  %Average blade length
sprintf('The average blade length is %f',R_avg)

R=R_avg; %combined blade length
k=10; %no of sections, 2 sections for circular profile
r_inc=R/k; %relative length increment

%Determining RPMs for both configurations

omega_water=(TSR_water*v_water)/R; %rotational speed for water
omega_wind=(TSR_wind*v_wind)/R; %rotational speed for air
N_water=(omega_water*60)/(2*pi); %RPM for water
N_wind=(omega_wind*60)/(2*pi); %RPM for air

%Determination of chord length for water configuration
%Determination of axial induction factor "a"

syms a

a= solve(eta_overall*Cp_water==4*a*(1-a)"2,a);

a= double(a);
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a= real(a);
fori=1:3
ifa(i)<=0.5 %momentum theory is valid for this range
a_imp = a(i);
a_imp=double(a_imp);
sprintf(‘axial induction factor is %f',a_imp)
end
end

%Calculations for tangential induction factor "a_prime"
syms a_prime
a_prime = solve(a_prime*(1+a_prime)*((TSR_water)*2)==a_imp*(1-a_imp),a_prime);
a_prime=double(a_prime);
a_prime=real(a_prime);
for j=1:2
if a_prime(j)>0
a_prime_imp=a_prime(j);
a_prime_imp=double(a_prime_imp);
sprintf(‘the tangential induction factor is %f',a_prime_imp)
end
end

%Calculations for relative flow angle
phi=atan((1-a_imp)/(TSR_water*(1+a_prime_imp)));
phi=double(phi);

phi=real(phi);

phi_deg=phi*180/pi;

phi_deg=double(phi_deg);

sprintf(‘angle of relative water flow is %f degrees',phi_deg)

alpha=linspace(0,15,101);
Ma_water=0; %mach number in water.Speed of sound is normally in range of 1400-1500 m/s so
effectively Ma is almost 0
c_iter_water=0.027; %assumed value of chord length
c_water=0; %initialize value of c--chord length so that value from workspace is not used but
redefined
while abs(c_iter_water-c_water)> 10e-3
c_water=c_iter_water;
Re_water= (rho_water*v_water*c_water)/mu_water %Reynolds number
sol=xfoil (NACA 24012',alpha,Re_water,Ma_water,'oper iter 150");
Cl_water=sol.CL;
Cd_water=s0l.CD;

L by D_water=rdivide(Cl_water,Cd_water); %Calculates lift to drag ratio
[x,index]=max(L_by_D_water); %Gives the index at which max value occurs
Cd_max_water=Cd_water(index); %Gives value of drag coefficient for max CI/Cd
Cl_max_water=Cl_water(index); %Gives value of lift coefficient for max Cl/Cd

c_iter_water=(8*a_prime_imp*R_avg*TSR_water*(sin(phi))*2)/(((Cl_max_water*sin(phi))-
(Cd_max_water*cos(phi)))*n*(1-a_imp));  %to calculate chord length
c_iter_water=double(c_iter_water);
end

c_water=c_iter_water;

sprintf(‘'the chord length for is %f meters when CI=%f and Cd=%f for Re=%f and
Cl/Cd=%f",c_water,Cl_max_water,Cd_max_water,Re_water,Cl_max_water/Cd_max_water)
alpha_opt_water=sol.alpha(index); = %Gives value of alpha against min Cd

sprintf(‘the angle of attack is %f degrees for water',alpha_opt_water)
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%Determination of chord length for wind configuration
alpha_wind=linspace(0,15,101);

Ma_wind=0;
c_iter_wind=0.07 %initial assumed value
c_wind=0; %To initialize chord length

while abs(c_iter_wind-c_wind)> 10e-3
c_wind=c_iter_wind;
Re_wind= (rho_wind*v_wind*c_wind)/mu_wind %Reynolds number
sol=xfoil(NACA 24012',alpha_wind,Re_wind,Ma_wind,'oper iter 150");

Cl_wind=sol.CL;

Cd_wind=sol.CD;

L _by D wind=rdivide(Cl_wind,Cd_wind); %Calculates lift to drag ratio
[x,index]=max(L_by D_wind); %Gives the index at which max value occurs
Cd_max_wind=Cd_wind(index); %Gives value of drag coefficient for max CI/Cd
Cl_max_wind=CIl_wind(index); %Gives value of lift coefficient for max CI/Cd

c_iter_wind= (16*pi*R_avg)/(9*n*Cl_max_wind*TSR_wind*sqrt((TSR_wind)"2+(4/9))) %to
calculate chord length

c_iter_wind=double(c_iter_wind);
end

c_wind=c_iter_wind;

sprintf(‘'the chord length for is %f meters when Cl=%f and Cd=%f for Re=%f and
Cl/Cd=%f",c_wind,Cl_max_wind,Cd_max_wind, Re_wind,Cl_max_wind/Cd_max_wind)
alpha_opt_wind=sol.alpha(index);

sprintf('the angle of attack is %f degrees for air',alpha_opt_wind)

%Combined values at each section

c_avg=(c_water+c_wind)/2; %combined chord length
Re_avg=(Re_water+Re_wind)/2; %combined Reynolds number
TSR_avg=(TSR_water+TSR_wind)/2; %combined TSR

sprintf('The combined values at tip are radius= %f,chord= %f,Re= %f and TSR=

%f',R,c_avg,Re_avg,TSR_avg)

VarNames= {'Section’, 'Chord Length at section’, 'Length at section',’Aerodynamic Centre'};

fprintf(1, %s\t\t%s\t\t%s\t\t%s\n',VarNames{:})

for i=1:(k-2)
¢_section(i)=c_avg*R/(r_inc*(i+2)); %chord length at different sections
AC_secion(i)=0.25*c_section(i); %Aerodynamic centre. Generally 25% of chord
fprintf(1,'%A0\\t% AN\ %\ \\t\t%A\n',i+2,c_section(i),R/k*(i+2),AC_secion(i))

end
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